Objective: To investigate the association between variants in the complement component 5 (C5) gene and age-related macular degeneration (AMD).
Introduction
Age-related macular degeneration (AMD) is the leading cause of severe visual impairment in the elderly in the Western world and is therefore a major public health issue [1, 2] . Typically, AMD is classified in early and late forms. Early AMD is characterized by the presence of soft drusen and pigmentary changes in the macular area. Late AMD is further divided into a "dry" form, geographic atrophy (GA), and a "wet" form, choroidal neovascularization (CNV). The overall prevalence of early and late AMD among Americans over 40 years of age is estimated to be respectively 7.3 million and 1.8 million. The prevalence of late AMD is estimated to increase to 3.0 million in 2020 [1, 2] . AMD has a multifactorial etiology. Both environmental and genetic factors contribute to disease susceptibility [3] . Environmental risk factors include cigarette smoking, undue sunlight combined with low antioxidant dietary intake, insufficient physical activity and poor cardiovascular health [4] . Molecular studies have been successful in dissecting the genetic susceptibility for AMD in the last few years. Genetic association studies for at least four loci (complement factors H (CFH), B (CFB), 2 (C2), 3 (C3)), and the LOC387715 (HTRA1/ARMS2) locus suggested that the complement system and, possibly, oxidative stress pathways play a major role in the molecular pathology of AMD [5] [6] [7] [8] [9] [10] [11] [12] [13] . Most importantly, at least 74% of AMD cases can be explained by polymorphisms in CFH, CFB and C2 genes [7] [8] [9] [10] .
In general, the complement system plays a highly effective role in destructing invading microorganisms and in immune complex elimination. The three activation pathways of complement are the classical, the alternative and the mannose-binding lectin pathway. CFH and CFB are key components of the alternative complement pathway and C2 plays a role in the classical pathway. The three pathways converge where C3-convertase cleaves and activates component C3, creating C3a and C3b. Binding of the latter increases pathogen-immune complex clearance and initiates the formation of the lytic membrane attack complex (MAC), consisting of C5b-C9 [14, 15] . Complement component 5 (C5) is cleaved by C5-convertase into the anaphylatoxin C5a and C5b, with C5a being an effective leukocyte chemoattractant and a powerful inflammatory mediator [16] . Next to the suggestion that AMD may be a result of local activation of the alternative pathway provoked by chronic inflammatory processes, Scholl et al. (2008) showed that genetic variants of CFH could lead to systemic activation of the complement pathway, and thus implying AMD as a systemic disease with a local disease manifestation [17] .
Studies on the molecular composition of drusen have also implicated the complement system in AMD. More specifically, CFB and C5 proteins were found in drusen, whereas CFH, C3 and MAC (C5b-9) protein complexes were detected in both basal laminar deposits (BLD) and drusen [8, [18] [19] [20] [21] [22] [23] [24] [25] [26] . Recently, Nozaki et al. (2006) observed immunolocalization of C3a and C5a in both hard and soft drusen [26] .
Preliminary genetic association studies for C3 and C5 have, so far, implicated a role for C3 in the pathogenesis of AMD, but not for C5 [11, 13] .
In summary, based on the crucial role of C5 in the formation of the MAC complex of the complement system, its role as chemoattractant regulating local inflammatory processes, and its localization in drusen, we hypothesized that genetic variants in C5 mediate AMD-susceptibility. Therefore, we performed an extensive association analysis to test whether complement C5 gene variants are associated with AMD.
Methods

Cases and controls
Altogether, we utilized three case-control studies and one prospective, populationbased study, consisting of 2599 AMD cases and 3458 ethnically-and age-matched control subjects. All studies were approved by the Ethics Committees of the Academic Medical Center Amsterdam, the Erasmus Medical Center Rotterdam, Southampton Local Research Ethics Committee (approval no. 347/02/t) and the Institutional Review Board of Columbia University. All studies followed the tenets of the Declaration of Helsinki. All participants provided signed informed consent for participation in the study.
The initial population screened for C5 variants, the AMRO-NL study population, consisted of 375 unrelated individuals with AMD and 199 control individuals.
All subjects were Caucasian and recruited from the Netherlands Institute of Neuroscience (NIN) Amsterdam and Erasmus University Medical Centre Rotterdam, by newsletters, via patient organizations, and nursing home visits. Controls were at least 65 years old, and were usually unaffected spouses or non-related acquaintances of cases or individuals who attended the ophthalmology department for reasons other than retinal pathology.
The second population, the Rotterdam study is a prospective, population-based study of chronic diseases in the elderly [27] . The eligible population comprised all 10 275 inhabitants aged 55 years or older of a middle-class suburb of Rotterdam, the Netherlands, of whom 7983 (78%) participated. Because the ophthalmologic part of the study became operational after the pilot phase of the study had started, 6780 (66%) took part in the ophthalmic examinations. Baseline examinations, including a home interview and physical examinations at the research center, took place from 1990 until 1993 and were followed by three examinations from 1993 through 1994, from 1997 through 1999, and from 2000 through 2004.
The third population, the United Kingdom (UK) study population, consisted of 564 cases and 640 age matched control subjects from the same clinic population as described elsewhere [28, 29] .
The fourth population, the Columbia University, United States (US) study population, consisted of 644 unrelated individuals with AMD and 368 unrelated controls of European American descent, recruited at Colombia University as previously described [30] .
Diagnosis of AMD
Study subjects from the AMRO-NL, Rotterdam and US study population underwent ophthalmic examination and fundus photography covering a 35° field centered on the macula after pupil dilatation at each visit (Topcon TRV-50VT fundus camera, Topcon Optical Co, Tokyo, Japan). Signs of AMD in those study populations were graded according to (a modification of) the international classification and grading system for AMD [31] . Cases and controls from the UK study were classified as having or not having disease on the basis of the Age-Related Eye Disease Study (AREDS) classification system [32] . While AREDS uses slightly different criteria for classification of early AMD and GA, the grading criteria were very similar for the four studies. Controls showed no, or less than five small hard drusen, and no other macular pathology. Early AMD cases had either soft distinct drusen with pigmentary irregularities or soft indistinct drusen without pigmentary irregularities and soft indistinct drusen with pigmentary irregularities. Late AMD cases presented with geographic atrophy (GA), choroidal neovascularization (CNV), or a combination of both (mixed AMD).
SNP selection
Fifteen SNPs were selected to span and tag the entire C5 gene. haplotypes. Tag SNPs were selected by use of Tagger, an option of Haploview [33] (all SNPs were captured with a LD tagging criteria of r 2 >0.8).
Genotyping
Genomic DNA was isolated from peripheral leukocytes after venous puncture according to standard protocols. The AMRO-NL study population was genotyped using an Illumina GoldenGate assay on a BeadStation 500 GX (Illumina Inc., San Diego,CA, US). according to the supplier's recommendations. Genotyping data from the Rotterdam study, and the UK and US study populations were used as source of replication.
Statistical analysis
Baseline characteristics of cases and controls were compared using the independent samples T-test for continuous variables and χ 2 test statistic for categorical variables. [34, 35] .
Results
The AMRO-NL study population: association between C5 SNPs and AMD.
Baseline characteristics of the cases and controls of the AMRO-NL study population are given in Table 1 . Early AMD was found in 24.8% of all AMD subjects, whereas wet AMD, GA and mixed AMD were found in 50.4, 14.7 and 10.1% respectively. The age distribution was significantly different between cases and controls, which was corrected for in the logistic regression model. The distribution of gender and smoking
were not significantly different. For both early and late AMD, we also calculated OR's with logistic regression using only the 70+ controls as reference. After all, 65+
controls may be too young and develop late AMD in the future. However, using only 70+ controls did not essentially change the OR's (data not shown).
Initially , All genotype frequencies of the controls followed HWE ( Table 2) , except for one SNP (rs7027797; P= 0.04). However, HWE calculations for this SNP may not be completely accurate since one of the genotype groups contains less than five individuals and as multiple HWE tests were conducted this may constitute a false positive finding [36, 37] . We therefore left rs7027797 in the analysis.
Allelic P-values and genotype distributions of the association analyses are presented in Table 2 . We found significant allelic associations between AMD and eight out of 15 C5 SNPs distributed over three LD blocks. The strongest allelic associations were found for rs17611, rs7026551 and rs7037673 (respectively: P=0.0015, P=0.0065
and P= 0.0009). The corresponding ORs for these eight C5 SNPs in early or late AMD, adjusted for CFH Y402H, age and gender, are given in Table 3 .
In the early AMD group, we observed association for three SNPs, which are in complete LD (Figure 1c) In the late AMD group, we observed protective effects for five SNPs, four of which occur (also) in heterozygous genotypes: heterozygotes for rs17611, rs25681
and rs7040033 had lower risks for late AMD compared to the other genotypes.
Rs7037673 also showed a protective effect for late AMD but a lower risk was seen Table 2 and 3) replication analyses were performed in one other Dutch population, one UK population and one US population. rs1468673 showed the lowest statistically significant protective effect for late AMD.
Interaction studies of the eight significantly associated C5 SNPs found in the AMRO-NL study with 4 prominent AMD risk factors: CFH Y402H, LOC387715 A69S, age and gender, did not yield significant interaction for one of the C5 SNPs with either risk factor. This implies that these risk factors did not modify the relation of one of the C5 SNPs with AMD and that C5, CFH Y402H, LOC387715 A69S, gender and age are independent risk factors for AMD.
Based on the observed allelic and genotypic associations for some of the SNPs in the C5 gene with early and late AMD (Table 2 and 3) replication analyses were performed in one other Dutch population, one UK population and one US population. 
The Rotterdam, UK and US replication populations: replication does not confirm association
Baseline characteristics of the cases and controls of the Rotterdam, UK and US replication populations are given in Table 1 . In all replication populations, the distribution of age was significantly different between cases and controls. In the AMRO-NL and Rotterdam study we used logistic regression to correct for this.
In the other replication populations (UK and US), this may have reduced power by potentially diluting the control sample with (as yet undeveloped) cases. This discrepancy would therefore be expected to make the strength of findings more conservative since any observed association tests would be an underestimation. AMD= age-related macular degeneration; CI= confidence interval; OR= odds ratio; SNP= single nucleotide polymorphism; MAF= minor allele frequency. "A" indicates common allele, "a" minor allele. Genotype frequencies are given as a percentage of subjects genotyped. Percentages not always 100% because of rounding. ORs are estimated with logistic regression analysis (with the noncarriers as reference group and respectively early and late AMD as outcome variable). Adjusted for age and gender.
Three C5 SNPs, which were associated with AMD in the AMRO-NL study population, were selected for further screening in the Rotterdam Study: rs17611, rs7026551, and rs7037673. These three gene variants spanned two different haplotype blocks of the C5 gene, and were not in complete LD with each other (Figure 1b and 1c) . The results of the replication screening of the three C5 SNPs in early and late AMD cases of the Rotterdam population are presented in Table 4a . Genotypes frequencies for all SNPs followed HWE (data not shown). None of the significant associations found in the AMRO-NL study population could be independently confirmed for these three SNPs.
Two SNPs, rs17611 and rs7037673, which were already screened in both the AMRO-NL and Rotterdam populations, were also screened in the two (case-control) studies from the UK and the US. The results from the genotype analysis in the cases and controls are shown in Table 4b and 4c. Again, all the genotype frequencies followed HWE (data not shown) but no significant associations between the SNPs and AMD were found.
Data pooling of four study populations
Pooling of populations with the same genetic background
Pooling the data of the two Dutch study populations (still) resulted in significantly decreased ORs for carriers of the minor allele of rs17611 and rs7037673 ( Table 5) .
We observed a protective effect for the heterozygous genotype for both SNPs with AMD= age-related macular degeneration; CI= confidence interval; OR= odds ratio; SNP= single nucleotide polymorphism; MAF= minor allele frequency. "A" indicates common allele, "a" minor allele. Percentages not always 100% because of rounding. ORs are estimated with logistic regression analysis (with the noncarriers as reference group and respectively early and late AMD as outcome variable). Adjustment for age and gender only in the Rotterdam study.
Pooling of populations with the same study design
Pooling the data from the Dutch, UK and US case-control studies did not lead to significant associations for either rs17611 or rs7037673 (Table 6) .
Finally, combining all data from the four studies did not result in statistically significant association (data not shown). AMD= age-related macular degeneration; CI= confidence interval; OR= odds ratio; SNP= single nucleotide polymorphism; MAF= minor allele frequency. "A" indicates common allele, "a" minor allele. Percentages not always 100% because of rounding. ORs are estimated with logistic regression analysis (with the noncarriers as reference group and respectively early and late AMD as outcome variable). Adjusted for age and gender.
Discussion
We tested the association between complement C5 gene variants and AMD in four independent studies (three case-control and one prospective, population-based study), consisting of 2599 AMD cases and 3458 ethnically matched controls. Despite the established involvement of the complement system, including C5, in AMD, and C5
protein localization in drusen, [7] [8] [9] [10] [11] 13, 18, 21, 25] we were unable to find consistent association between common SNPs in C5 and AMD in all study populations.
Our data confirms the preliminary data of Yates et al. (2007) who did not find association between C5 SNPs (rs17611, rs7026551 and rs7033790) and AMD [13] . This study also corroborates previous findings that replication of initial associations found in one or more cohort(s), even when it involves very plausible candidate genes, is essential to determine true genetic disease susceptibility.
A limitation of the current study is that we initially selected for relatively common SNPs, with MAFs>10%, in order to haplotype-tag the whole coding region of the C5 gene. Consequently, we could have missed both variants with MAFs<10% and outside the coding region which might influence the disease phenotype. Strengths of the study include the large number of AMD cases and controls screened across populations of European descent, and the relatively uniform clinical classification of the cases and controls.
Data pooling of four cohorts
After our initial finding of a statistically significant association between several
SNPs in C5 and AMD in the AMRO-NL study population, we extended our study with three other independent cohorts. Although the AMRO-NL study population and the Rotterdam Study have a different design, the populations have the same genetic background. Therefore, we pooled data from these two populations first.
Pooling the data resulted in decreased, but still significant ORs for carriers of the minor allele of rs17611 and rs7037673 ( Table 5 ). The effect seen may be largely attributable to the findings in the AMRO-NL study population. Nonetheless, the data of the two populations individually did not contradict each other; i.e., the CIs of the associated genotypes overlapped substantially ( Table 3, Table   5 ). The potential AMD risk modifying effect of the rs7026551 allele (AMRO-NL) disappeared in the pooled data set.
Next, we pooled the AMRO-NL, UK and US data ( Table 6) , since these studies, despite their different genetic backgrounds, have the same case-control study design. Then, we also added the Rotterdam population data again. Pooling the data in these ways abolished all associations that were initially found in the AMRO-NL study population.
C5 variants and AMD
The complement factor 5 is very likely involved in processes leading to AMD, since it is a key component of the (alternative) complement system and is present in drusen [18, 21, 25] . Nevertheless, we could not find robust, consistently statistically significant, association between C5 SNPs and AMD among the populations tested.
How can this be explained?
The simplest explanation is that the findings in the AMRO-NL population are due to chance, and that C5 gene variants do not contribute at all to genetic susceptibility for AMD. In other words, the screened C5 sequence variants may result in a (mildly) altered C5 function but, these possibly functional changes have no role in the etiology of AMD even if they regulate, limit or alter the total activity of the complement cascade.
But is it that simple? If our findings are not due to chance (alone), we find a possible protective effect for the C5 variant rs17611 in the Dutch population, which cannot be replicated in two UK or USA populations. Interestingly, Hillebrandt et al. (2005) and Gressner et al. (2007) found that this same rs17611 variant is both possibly associated with elevated C5 and Gc globulin serum concentrations in man, and with enhanced liver fibrosis in mice [38, 39] . While, to our knowledge, further experimental evidence is lacking, one could speculate that elevated C5 serum levels increase the risk for AMD through further activation of the complement pathway. In contrast, increased fibrosis capabilities, if it occurs in the eye also, could perhaps decrease the risk of advanced AMD, by accelerating scar formation after retinal injury. In conclusion, these data suggest that C5 may have multiple roles in AMD pathology, thereby complicating potential correct risk assessment of C5 sequence variants.
Non-replication of C5 variants
Whether C5 SNPs are associated with AMD in the Dutch population, or not, our current study presents another example where initial significant associations found in one study cannot be replicated in others. So far, only very strong AMD risk factors such as CFH [7, 9, 10] or ARMS2/HTRA1 [6, 12] have been consistently replicated.
These "strong" risk factors are rather an exception than rule. Initial associations between "weaker" AMD risk factors, such as the TLR4 gene [40] , the SERPING1 gene [28] , the TLR3 gene1 [41] and even the ApoE2 and 4 alleles [42, 43] could not be replicated in several other case-control cohorts [44] [45] [46] [47] . Also, in a GWAS on the AREDS study, only 1 (rs2230199; C3) out of 57 initially AMD associated SNPs was replicated in a second case-control cohort [45] . Since most investigators or scientific journals are reluctant to publish negative associations, most non-replication studies are never published.
Non-replications in different populations have been frequently explained by chance, variation in study design, by phenotypic AMD (grading) differences, genotype errors [48, 49] or by genetic variability between populations [36] . In our current C5 association study, we used two different study designs which may have affected the outcome in the individual studies. Phenotypic grading differences may not account for a very large variability in our study, since the fundi of all patients and controls
were graded according to (a modification of) the international classification system of AMD [31, 32] under supervision of the same ophthalmologists (CK, PdJ) in three out of four populations. Moreover, Colhoun and coworkers (2003) calculated that 5% clinical misclassification has only a small effect, comparable to a reduction of the sample size by 10% [50] . Potential genotype errors in our study are also unlikely, since both positive and negative associations between C5 variants and AMD are confirmed by at least one second variant in LD with the first one. prone to the effect of population structure because of matched genetic background among study participants. Unfortunately, due to the lack of family data from all the case-control populations used here, we cannot correct for this phenomenon.
Interestingly, there are at least two (other) marked examples in which geographically determined genetic variation was clearly implicated in differences in disease susceptibility: the CFH Y402H variant confers a very strong risk for AMD in western populations, while it has only a marginal effect in Chinese [51] or Japanese [52, 53] . In addition, The Welcome Trust Case Control Consortium [54] suggested, on the basis of a GWA of 14.000 cases and 3000 shared controls, that geographic differences in TLR1 receptor allele frequencies within the UK coincide with natural selection and susceptibility against TLR1 mediated (auto-) immune disease.
Apart from differences in C5 MAF, population-specific genetic variations in one or more other genes of the complement pathway and/or the fibrosis pathways may also affect AMD disease outcome. These variants may determine the capability of C5 SNPs to influence or regulate the activity of the complement cascade or fibrotic pathways and thus determine their potential effect on the AMD phenotype.
In conclusion, common SNPs in the C5 gene confer either no, or limited risk for AMD, which may be dependent on genetic differences between populations. While, given its crucial role in the complement cascade, and the presence of C5 protein in drusen, C5 is very likely involved in AMD. The tested genetic variation in C5 has a very limited, if any, effect on the AMD phenotype.
